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TECHNICALNOTE3008
EFFECTSOFFINITESPANONTHESECTIONCHARACTERISTICS
OFTWO45° SWEPTRACKWINGSOFASPECTFUiTIO6
ByLynnW. Hunton
SUMMARY
A studyofthefinite-spaneffectsonthelocalloadingcharacter-
isticsoftwosweptbackwingsat lowspeedhasbeenmadewitha view
towardprovidingsomeinsightintotheusefulnessoftwo-dimensional
sectiondataandspan-loadingtheoryfordeterminingthecharacteristics
of sectionsofa sweptwing. Thetwowingsconsidered,forwhichcomplete
pressure-distributiondatawereavailableat largescale,wereidentical
inplanformhaving45°of sweepbackandanaspectratioof6and
differedintwistandin sections,thelatterbeingtheNACA64AO1Oand
NACA64A81O.
At lowvaluesofliftcoefficient,hefinite-spaneffectsare
restrictedtoregionsofthewingclosetotherootandtip. At higher
valuesoflifta three-dimensionalviscouseffectbecomesevident.
Examinationfthiseffectrevealsthatthelateralflowoftheboundary-
layerairactsasa boundary-layer-controlagentovervirtuallythe
entirespanofthewing,alleviatingflowseparationa dthusincreasing
thelocalmaximumliftcoefficientbeyondthatexpectedofthe”section
intwo-dimensionalob iqueflow.Theeffectisgreatestnesrtheroot,
diminishinggraduallyspanwiseinapproachingthetip. Nearthetip
wherethereislittleboundary-layer-controleffectthelocalsection
characteristicscloselyreseuiblethoseforthetwo-dimensionalsection
inobliqueflow.
INTRODUCTION
Forunsweptwingsithasbeenrecognizedforsometimethatthe
three-dimensionaleffectsintroducedby thefinitespancouldbe suc-
cessfullyisolatedto thespan-loadingcharacteristicsandthatthe
characteristicsofanyonesectionofthewingcouldbe relatedto two-
dimensionalresults(e.g.,refs.1 and2). Thus,a reliablespan-loading
theoryusedin conjunctionwithtwo-dimensionalsectiondataaffordsa
simpleprocedurefordeterminingsurfaceloadingsontheunsweptwing.
Thedesignof sweptwingslikewisewouldbe greatlyfacilitatedifan
equallysimpleandeffectiveprocedurefordeterminingsurfaceloadings
wereavailable.Simplifiedlifting-surfaceth oryhasbeenshownto give
reliableindicationsofplan-formeffects,includingsweep,on spanload-
ingaslongasno separationexists(ref.3). Forchordwiseloadings
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simplesweeptheoryhasbeenprovenvalidforthecaseofa two-
dimensionalsectioninyawedflow(ref.4). Itwouldappear,therefore,
thatontheswept~ it shouldbe possibleto separate,at leasttoa
degree,plan-formandsectioncharacteristicsby a meanssimilartothat
inuseforthestraightwing. Theapplicabilityof sucha procedureto
thesweptwing,of course,hingesonthee~enttow~ch thechord~se
loadingsreinfluencedby thethree-dimensionaleffects.
Pressure-distributionmeasurementshavebeenmadeat lowspeedfor
twolarge-scale45°sweptbackwingshavingidenticalplanformsbut
differentsectionprofilesand-kedly dissimilarstallingcharacteristics.
On thebasisoftheseloadings,an attemptwildbe madeto showforthese
twosweptbackwings,first,themagnitudeofthree-dimensionaleffects
onthelocalsectionloadingsthroughanalysisof sectionpressure
diagramsand,second,thesuitabilityoftheprocedure(two-dimensional
datacombinedwithspan-loadingtheory)forapplicationto eitherthe
linearornonline~li~ rangesthroughexaminationflocalsection
liftcurves.
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dragcoefficient,drag
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pitching-momentcoefficient,pitchingmoment
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sectionliftcoefficient,sectionlift
qc
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b/a
f c2dy
wingmeanaerodynamicchord, 0 , ft
b/a
J
C dy
o
free-streamdynamicpressure,lb/sqft
free-streamstaticpressure,lb/sqft
localstaticpressure,lb/sqft
centerofpressure,percentchord
angleofattackofwing-rootsection,deg
angleofattackfortwo-dimensionalairfoils,deg
wingzero-liftangleofattack,deg
sectionzero-liftangleofattack,deg
angleofattackofwing-rootsectionforzeronetliftonthe
wingforloadingassociatedwithwingtwist,deg
angleoftwistwithrespectorootchord(positiveforwashin),
deg
fractionof semispan
sweepangleofthewingquarter-chordline,deg
Subscripts
t.e.septrailing-edges paration
max maximum
A yawedflow
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MDDEMANDAPPARATUS
Pertinentdimensionsofthetwowing-fuselagemodelsaregivenin
figure1. Thewingswereidenticalinplanform,having45°of sweep.
backofthequarter-chordline,anaspectratioof6,anda taperratio
of0.5. Onewingwasuncauiberedanduntwisted,henceforthcalledthe
plainwing,andemployedanNACA64AO1Oairfoilsectionormalto the
quarter-chordline. Thesecondwing,henceforthcalledthecambered,
twistedwing,had10°washoutofthetip(seefig.1 fortwistdistri-
bution)andemployedanNACA64A81O,a = 0.8(modified)airfoilsection
normaltothequarter-chordline.Eachwingwasequippedwithsixrows
of static-pressureo ificesas indicatedinfigure1. Testsofthewing-
fuselagemodelswereconductedintheAmes40-by 8&footwindtunnel
withthemodelsmountedverticallyonthetest-sectionfloorina semi-
P typeofins~tion.
Thetwo-dimensionaltestmodelsoftheNACA64AO1Oand64A81-0,
a= 0.8(modified),airfoilswere3-1/2and4 feetinlengthof chord,
respectively.ThesetestswereconductedintheAmes7-by 10-foot
windtunnelwiththemodelsspanningthe7-footdimension.A rowof
static-pressureo ificeswaslocatedat themidspansofbothsection
models.
FiESULTSANDDISCUSSION
Pressuredataobtainedontwolsrge-scalesweptbackwings,identi-
calinplan-formgeom&trybutdissimilarinstallingbehavior,have
beenanalyzedinanattemptogainsomeinsightintothenatureand
extentoftheinfluenceoffinite-spaneffectsonlocalsectionloadings.
Thedissimilarityin stallingbehaviorbetweenthetwom6delswas
attributableprincipallyto a differencein sectionprofile;thesection
of onewingwassymmetrical(NACA64AO1O)andtheotherwashighlycam-
bered(NACA64A81O).Two-dimensionaltestsreportedinreference5
showedthe64AO1Oairfoilto stallfromleading-edgeflowseparation;
whereasthosereportedinreference6 showedthe64A81Oairfoilto stall
pri~ily fromturbulentseparationnearthetrailingedge.Forreference
purposesthree-componentforcedataforthetwowing-fuselagemodelsare
presentedinfigure2 whileinfigure3 aregiventheliftcharacteristics
ofthetwoairfoilsections.Allwingdatapresentedthroughoutthe
reportwereobtainedata &ch numberof0.2anda Reynoldsnuuiberof
8 millionbasedonthemeanaerodynamicchordof6.21 feet.Alltwo-
dimensionaldataaregivenfora Reynoldsnuuiberof4.1and3.7million
.
.
%he liftcurvefortheNACA64AO1Osectionwasobtainedfromtheaero-
dynamicdataofreference7 sincethedataofreference5 areuncor-
rectedfortunnel-waileffects.
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fortheuncamberedandcamberedsections,respectively;thesevalues
correspondcloselywiththeaverageffectiveReynoldsnumberof4
millionforthewingsbasedonthecomponentsofthemeanaerodynamic
chordandvelocitybothtakennorml.tothewingquarter-chordline.
Forpurposesofthisinvestigation,thegeneralstudyofthe
influenceofthree-dimensionaleffectsonthelocalloadingcharacter-
isticsofthesweptwingsis dividedintotwoparts.Inthefirstpart
anatteqptismadeto isolatetheinfluenceofthree-dimensionaleffects
onthelocalchordwisedistributionfloadingat a nuuiberof semispan
stations.Theanalysisforthiscaseconsistsofcomparisonsoftwo-
dimensionalpressuredistributionswiththelocalpressuredistributions
measuredonthewingmodels,thecomparisonsbeingmadeinmostcaseson
an equalliftcoefficientbasis(i.e.,equalpressurediagramarea).
Theseresultsarepresentedinfigures4 and5 fortheplainandcanibered,
twistedwings,respectively.Foradditionalclarificationofthisphase
ofthestudytherearealsogivenlocalcenter-of-pressureresultsin
figure6 andvariationspanwiseoflocal cl- forbothwingsin
figure7.
Thesecondpartoftheanalysisisdirectedat demonstratingthe
extentowhichlocalliftvaluesonthesweptwingcanbe determined
forconditionsinvolvingeitherunseparatedor separatedflow.Forthis
pwose localliftcurvesderivedforseveralsemispanstationsofthe
sweptwingsfromtw?-dimensionalexperimentaldataandWeissingerspan-
loadingtheoryarecorrelatedwiththelocalliftcurvesmeasuredon
thewingmodels.Theseresultsareshowninfigure8.
LocalPressure-DistributionComparisons
Thelocalpressure-distributioncurvesinfigures4 and5 areshown
forsixsemispsmstationsofbothwingmodels.Fourofthesestations
(seefig.1)wereorientednormalto thewingquarter-chordlinefollow-
ingtheconceptof simplesweeptheory.However,inorderto determine
thethree-dimensionalinfluenceontheloadingscloseto therootandtip,
itwasnecessarytoorient heorificestationsinthesetworegions
paralleltothefree-streamdirection.2Thepressuredataforeachof
thesewingsaregivenfora rangeoflift-coefficientvaluesex’muling
tobeyondstalJ.
2Taperintroducesa variationinthelocationpercentagewiseofpressure
orificesdependingonthereferencechordused. Hereinthepressure
dataineachcasearegivenwithrespecto thechordlinedefinedby
theparticulararrangementofpressureorifices.Forthesewingswith
moderatetapertheconsequentdeparturefromthebasicsimplesweep
conceptinthecaseofthetwostreamwisestationsis smallandhas
beenneglected.
.——— -— ——.
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Theaccuracyofthesimpletheoryof sweepfordefiningtheeffect
of sweeponthepressuredistributionfa two-dimensionalsectionat
moderateanglesofattackisgenerallyaccepted.Demonstrationsofthis
accuracyhavebeenshownina numberoftwo-dimensionaltests,oneof
whichisreportedinreference4. A comparisonofpressuredistri-
butionsderivedfromthistwo-dimensionaltheorywiththosemeasuredon
thefinite-spanwingthusshouldgivea quantitativem asureofthe
degreetowhichthelocalsectionloadingcharacteristicsareinfluenced
by three-dimensionaleffects.Therearisesthenthequestionas toa
definitionoftheeffectivesectionofthefinitewingwithtaperfor
whicha variation-insweepangleoftheconstantpercentchordlinesis
involved.Theoreticalconsiderationswouldindicatesucha sectionto
be normaltothelinesofconstantpercentchordatallpoints.
Obviously,sucha sectionwouldbe ctivedwhichwouldentaila variation
chordwiseintheeffectivepotentialvelocity.Forpurposesofthis
studysucha refinementwasdeemedunnecessaryandinsteadan average
straight-linesectionormalto thequarter-chordlinewasemployed.
Accordingly,thetwo-dimensionalpressurediagramsusedintheanalysis
forcomparisonwiththelocalpressuredistributionsmeasuredonthe
~, stretiseandchordwisestationdataalike,arebasedonthe
NACA64AO1OsectionfortheplainwingandtheNACA64A81Osectionfor
thecauibered,twistedwingandineachcasearecomputedforthesame
valueoflocal CZ asthatmeasuredonthewing. Thesepressureswere
derivedonthebasisof simplesweeptheory,thatis,pressure-coefficient
valueswereinterpolatedfromunyawedtwo-dimensionald taforvaluesof
c-l = Cl(wing)—‘A=(3 COS2A
be applicabletothesweptwing,thevaluesof
determinedfortheforegoingvaluesof
yawedflow,thus C2A=0
pressurecoefficient
thenwereconverted
PA= PA+ X COS2 A
Comparisonsoftheoreticalpressuredistributionswiththetwo-
andthree-dimensionald taarealsoincludedinmostofthefigures.
Thesevalueswerederivedby themethodofvelocitysuperposition
describedinreference8 andconvertedtoyawedflowfollowingthe
procedureoutlinedforthetwo-dimensional-datac se.
Plainting.-Inspectionoffigure4 revealsthatthecorrelation
ofpressuresforthefinitewingwiththosefortheyawedinfinite
sptisectionisgenerallyquite–closeatmoststationsforlift
coefficientsrangingto 0.6. Thisliftrangecorrespondstothatfor
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whichlittleorno separationcouldbe detectedfromthepressuredistri-
butionsonthewing. Themostobviousdeviationinthesepressurecom-
?fig.4(a))
arisonsappearsneartherootat stations0.167and0.383.At zerolift
somepossiblevidenceoftheinducedvelocityeffectonthe
baseprofilepressureMstribution3resultingina shiftrearward ofthe
minimumpressurepointappearsat station0.167whileat station0.383
andatthetipstation0.924virtuallyno influenceofthiseffectmay
be seen.Thegeneralriseinlevelofthepressuresat stations0.167
and0.383isattributableto interferenceofthefuselage;thiseffect,
however,beingfairlyuniformoverthechord,doesnotmateriallyalter
thedistributionsoflocalloading.Withintroductionfadditionaltype
lift,an inducedcambereffect4appearsintheresultsoffigure6 asa
shiftinthecenterofpressureof k-percentchordrearward at theroot
stationand3-percentchordforwardatthetipstationwithvirtuallyno
effectappearingattheintermediatestations.Despiteindicationsof
theorywhereinducedcauiberisproportionalto CL,whateffectdoes
appearintheseresultsisalmostconstantforliftcoefficientsabove
0.2. Hence,fromtheseresultsintheliftramgeinvolvingno flowsepa-
ration,itmaybe deducedthat(1)theinfluenceofthefinitespan
resolvesiritonlyonesignificanteffect,thatofinducedcauiberwhich
is concentratedquitecloseto thewing-fuselagejunctureandthetip,
and(2)overtheremainingmajorproportionoftheexposedwingspanthe
chordwiseloaddistributionsforallpracticalpurposesbehavelikethe
infinitespansectioninobliqueflow.
Fromthepressuredataforthiswingitwasfoundthatinitialstall
resultedfromflowseparationneartheleadingedgeoftipstationsat
a “CL of0.65. Infigureh(d)itmaybe seenthatjustpriorto flow
separationata CL of0.60,allstationsofthewingbutone(0.924)
haveexceededthetwo-dimensionalv ueof CZW correctedforsweep
(1.10x COS2450= 0.55).Forthesecasesitwasnotpossibletomatch
pressurediagramareas;instead,thepressuredistributionfromtwo-
dimensionaltestsis shownfortheNACA64AO1Osectionjustoverstall
atan indicatedcl of0.41(inobliqueflow).Thetheoreticalpressure
distributionsontheotherhandmatchcloselythewingpressuresjust
priorto stall.at allstationsexceptnearthefuselagejuncture.In
thetheoreticalpressuredistributionsthereis,of course,no account
takenoftheviscouseffects.Theclosecorrelationssoshownthenmust
be an indicationthatlittleorno separationwaspresentpri~rtowing
stalleventhoughthetwo-dimensionalcZu hasbeenexceededatmost
points.Thisdelayin sepsxationa dconsequentincreaseinthevalueof
local Czm as comparedtotheyawedinfinitespansectionCzm
of0.55is illustratedinfigure7. Nearthetipthetwo-dimensional
andwingvaluesagreeclosely,whereasprogressinginboardthewinglocal
cZmax valuesincreasetoalmostthreetimesthetwo-dimensionalv ue
inyawedflow.Thisresult husclearlydemonstratestheactionofthe
majorthree-dimensionaleffectpresentonthesweptwingwhenseparation
3Seereferences9 and10 fortheoreticaltreatmentofthiseffect.
*seereference11.
.— —. .—.——. —--- ———— .—
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is eitherimminentorhasoccurred;namely,theinfluenceofthethree-
dimensionalboundary-layer-controleffectaffordedby lateralflowof
boundary-layerair. Theconsequencesaregreatestneartherootdiminish-
ingtoalmostno effectatthetip. A lackofmeansto evalutethis
effectforanyplanformrepresents,atthepresentime,themajorobsta-
clepreventingaccuratepredictionstobe madeofthecharacteristicsof
sweptwings.
Intiewofthesignificantincreasesinthelocal Czm values
broughtaboutby thethree-dimensionalboundary-layercharacteristics,
itisofinteresto considerthestallingbehaviorofthesesections
to seewhatchangesoccurred.Comparisonsofthetwo-dimensionaland
wing-pressuredistributionsfollowingstallaregiveninfigurek(e).
Eachpressurediagramshowncorrespondstothefirstevidenceofa loss
innosepeakpressuresattheparticularstationexcepthatattheroot
station0.167wherestallwasneverreached.Alsoincludedarethe
valuesof~ CL forwhichthedataat eachstationaregiven.The
variationshowninting CL foreachstationisindicativeofthe
progressionf stallfromthetiptotheroot. Thestallofthe
NACA64AO1Osectionwasdescribedinreference5 tobe ofthetype
wheretheflowseparatedneartheleadingedgebutreattachedat about
the15-percent-chordpoint,causingpartialrecoveryofthefree-stream
pressurefromthispointtothetrailingedge. Onthewingthemech-
anismof flowseparationatmoststationsappearstobe quitesimilar
totheobservedcharacteristicsforthetwo-dimensionalsection.How-
ever,thepointofreattachmentofflowonthewingsectionsismuch
closerto theleadingedgeandthepressure-recoveryg adientsupported
by thethree-dimensionalflowconditionsis somewhatsteeperthanthat
exhibitedby thetwo-dimensionalsection.
Cauibered,twistedwing.-Thepressure-distributioncomparisons
forthecauibered,twistedwinginfigure5 aregivenfora winglift-
coefficientrangeextendingfrom0.15to justbeyondthe Ck of
1.09.As brieflymentionedearlier,thecharacteristicsofthiswing
sreinfluencedstronglyby turbulentseparation.Two-dimensional
testsoftheNACA64A81Oairfoilshowedthatturbulentseparationbegan
ata cl of1.06.Forthesectionyawed45°,then,suchseparation
wouldbe c~ticipatedata CZ of0.53(1.06X COS2 450). This Cz
valueisreachedlocallyonthewingfirstattheinboardstationsat
awing CL ofaboutO.~. Thecomparisonsofpressuredistributions
givenforliftcoefficientsof0.15andO.~ showquitecloseagreement
exceptfortherootandtipeffects.Theseeffectsappearsimilarto
andof roughlythesamemagnitudeas thosediscussedfortheplainwing.
Theonlydifferencetobe noted(fig.6) isanunexplainedfailureof
thecenterofpressureattherootstationto shiftrearwardaswould
be indicatedby theoryandas theplainwingshowed.
Abovea wing CL ofO.~ thetwo-dimensionalpressuredistri-
butionsbeginto showa noticeabledeviationfromtheinboardstation
loadings,thesestationshavingreachedvaluesof cz over0.53.
—.—
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Abovethis,thetwo-dimensionalpressuresexhibitrailing-edges pa-
rationwhereastheinboardstationwingpressureshowno separation
andhencecontinuetomatchcloselythetheoreticalpressuredistri-
butions.At a CL of0.83,however,the,localoadingnearthetip
(0.924)exceededa CZ of 0.’53atwhichtimeturbulentseparation
beganonthewing,quicklyspreadinginboardfromthispoint.This
variationspanwiseinthe cl valueforincidenceofturbulentsepa-
rationis showninfigure7. Neartherootturbulentseparationnever
developed,whileconditionsearthetipmatchcloselythetwo-dimensional
characteristics.Henceitis seenthat,owingtoboundary-layercontrol
resultingfkomthelateralflowofboundary-layerair,trailing-edge
separationwasdelayedovermostofthewinguntilsuchtimeasa section
nearthetipreachedthetwo-dimensionalv ueof cz forsuchsepa-
ration.Furthermore,sincetheformationandgrowthof separationat
theoutboardstationsagreecloselywiththeyawedsectioncharacteristics,
itisapparent;thattheflowofboundary-layerairtowardthisregion
doesnothavea detrimentaleffectonthelocalsectionstallingbehavior
at thisrelativelylargetestReynoldsnumberof8 million.
Infigure5(e)thedataat a CL of1.01showconditionsonthe
-wingjustprecedingCti andcompleteflowbreakdownwhichoccurred
ata CL Of1.09.Allstationsbutthatat 0.924haveexceededthe
CZW of0.84fortheyawedtwo-dimensionalsection.Thelargevaria-
tionin c1 sp~wisemy be seeninfig”ure7 whereit is indicated
thatatthe%38 spanstationan increasein Czm ofnearly70percent
abovethetwo-dimensionalv uewasmeasuredwhileat therootstation,
althoughtheabsolutemagnitudeof ‘c2= wasnotdetermined,indications
pointtoa muchhigherpercentageincrease.
comparisonsoftwo-andthree-dimensionalpressuredistributions
beyondC- ata CL of 1.o6aregivenin figure5(f).As inthe
caseoftheplainwing,thetwo-dimensionald taaregivenfor cl=>
therebeingnoattemptmadeto equalizethepressurediagramareasfor
thestalledcondition.ThestalJoftheNACA64A81Osectionintwo-
dimensionalf owoccurredat 14°angleofattackandwasgradualtith
littlelossinliftwithincreaseinaagleofattackto 16°. Inrefer-
ence6,thisstallwasdescribedasresultingfromgrad@lprogression
for&rdofturbulentseparationwithlittlelossinnosepeakpressures
beingobservedevenbeyondCZ-. Onthethree-dimensionalwing,how-
ever,thestallwasfoundtobe somewhatmoreabruptwhere,with1° change
inangleofattack(21°to220),turbulentseparationprogressedforward
about0.6chordnesrlytotheleadingedgeat outboardstations,and
leading-edges parationa dreattachmenttypeof stallresultedat
stationsfartherinboard.Thus,it is seenthatthestallingcharacter-
isticsof inboardsectionscanbe completelyaltered,presumablyby the
three-dimensionalboundary-layerconditionspresentonthesweptbackwing.
_ .—.
——
10
LocalLift-CurveComparisons
MACATM3008
Theprecedingsectionwasdirecteciat demonstratingtheextentof
correlationthatexistsbetweentwo-dimensionalpressuredistributions
andthoseonthefinite-spansweptwing,thesecorrelationsbeingbased
on equalvaluesoflift. Useoftwo-dimensionalortheoreticaldatafor
predictionofchordwiseloadingsrequiresa knowledgeofthelocallift
distributionacrossthespanofthewing. Intheliftrangeinvolving
no flowseparationwherelocalliftcurvesgenerallyarelinear,the
span-loadingtheoryaccountsquiteaccuratelyforthevariationspan-
wiseinlocallift-curveslopesinducedby thefinitespan. Inthelift
rangewhereflowseparationhasoccurred,ithasbeenprovenpractical
inthecaseofunsweptwingsto relyontwo-dimensionaltestdatato
obtainthenonlinearliftcharacteristicsofthelocalsemispansections
(e.g.,ref.2). To demonstrateheadequacyoftheseunswept-wingpro-
cedureswhenappliedto thesweptwingat liftcoefficientscovering
conditionsinvolvingeitherunseparatedor separatedflow,comparisons
willbe madeofpredictedandmeasuredlocal-liftcurvesforthetwo
modelsconsideredinthepreviousection.Thesecomparisonsforsix
semispamstationson eachwingaregiveninfigure8.
TheyawedinfinitewingliftcurvesfortheNACA64AO1Oand
NACA64A81Oairfoilsfromwhichthepredictedlocalliftcurveson each
wingwerederivedarealsogiveninfigure8. Theseyawed-flowcurves
weredeterminedfromthetwo-dimensionalexperimentalliftcurvesof
figr@e3 followingsimplesweeptheory.Thus,theanglesofattackand
correspondingvaluesofliftcoefficientwereadjustedinthefollowing
manner:
c1 x COS2450
A = CZA=O
Localliftcurvesforthevarioustationsof eachwingwerethenfound
by rocki&theyawedinfinitewingliftcurvetothelocalslopegiven
by theWeissingerspan-loadingmethod.Thisstepwasaccomplishedby
shearingthecurvesholdingthevaluesof C2 constantandadjustinga
to givethetheoreticals ope,itbeingassumedthatthedeviationofthe
localslopefromthetwo-dimensionalv uestemslaxgelyfromtheinduced
angles.Thematchingoflocalslopesto theorywasrestrictedto just
thelow-liftlinear angeoftheexperimentalcurves.Fortheplain
winghavingsymmetry,theanglesof zeroliftforthewingandlocal
stationsare,of course,allzero.However,forthecauibered,twisted
wingtheangleof zeroliftisa functionofboththecamber(a7..)and
thetwist(ar).
by thecosineof
station~ for
loadingmethod.
“T-
he al. ofa camberedsectioninyawedflowreduces
thesweepangle,whiletheangleofattackoftheroot
zeroliftona twistedwingisgivenby theWeissinger
Hence,theangleforzeroliftofthewingbecomes
—— ..__
ah = Ulo x cos 45° + ~
—.-. . . . .
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Sincethecamberwasconstantacross
attackforzeroliftcarriesa basic
IL
thespan,thewingat theangleof
spare-liftdistributiondependent
onlyonthetwistdistribution.Thisbasicliftdistributiona dthe
a% forthewingthenestablishesontheliftcurvethecoordinatesof
onepointforeachsemispanstationthroughwhichthevariouspredicted
localliftcurvesmustpass.
Plainwing.-Theresultsinfigure8(a)showthatthetheoretical
lift-curveslopesagreeverycloselywithexperimentforallstationsof
thewing,thusverifyingtheaccuracyofthespan-loadingtheory.The
oftheNACA64AO1Oairfoilina 45°obliqueflowwouldbe 0.55.
~tations ofthewingexceedthisvalue,someby quitea widemargin
aswasalsoseenearlierinfigure7,the0.924stationshowingthe
closestagreement.Onthiswinghavinga sectionwithvirtuallya linear
liftcurveto cl=, thisvariationinlocal CZU acrossthespan,
therefore,representstheprincipalthree-dimensionaleffectandindicates
theeffectivenessofthelateralflowoftheboundary-layerairas a
boundary-layer-controlagent.
Cauibered,twistedwing.-Thelinearportionoftheoblique-section
liftcurveextendingtoa c1 ofabout0.53wasusedto definethe
slopeofthelocalcurves.Inthisliftrangethetheoreticalnd
experimentals opesagreeclosely.me predictedcr.%of -1.4°(based
on azo of -6.2°and ~ of2.90),however,maybe seentodeviate
fromexperimentby approximately-1O. Thediscrepancypossiblystems
froman inaccuracyinvolvedinassumingthespanloadingsdueto caniber
andtoangleofattacktobe equivalent.h theupperliftrange
(aboveO.53)wheretheNACA64A81osectioninobliqueflowexhibited
turbulentseparation,thesepredictedcurvesshowan increasingdepar-
turefromexperimentas stationsneartherootareapproached,following
thepatternfullydiscussedearlierin connectionwiththechordwise
loadingstudy.Withtheexceptionofthe0.924station,itmaybe seen
thataK1.localstationsofthewingexceededthetwo-dimensionalc -
inyawedflowof0.84. Thefailureofthetipstationto fullyattain
thetwo-dimensionalc -, as didthetipoftheplainwing,is
believedattributableto theseverewashoutof -lOO;initialeading-
edgeflowseparationoccurredat an inboardstationandcontributedto
theprematurestallingofthetip. Itwouldappearclearfromthese
comparisons,therefore,thatinthenonlinearliftrangethethree-
dimensionalviscouseffectsbecomesodominanthatonly-atheoutboard
stationsarethetwo-dimensionalonlinearliftcharacteristicseven
approximatelysimulated.
EvaluationofSurface-LoadingProcedure
Intheprecedingsections
applicationftwo-dimensional
miningsurfaceloadingsonthe
thetwoprincipalstepsinvolvedinthe
d taandspan-loadingtheoryto deter-
sweptwhg havebeendemonstrated.In
—.—. .~——
——— .—
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thefirstsectionthelocalpressure-distributioncomparisonswere
studiedthroughCk ontheassumptionthatthelocal-liftvalue
wouldbe known.Inthesecondsectiontheapplicabilityofa procedure
fordeterubinnthelocal-liftvaluesinthelinearaswellasnonlinear
liftrsmgeswasstudied.Fromtheseresultsfortwowingswith45°of
sweepbackitwasfoundthattheliftrangesinvolvingunseparatedor
separatedflowclearlywrked twodistinctregimesinsofarastheappli-
cabilityto thesweptwingsoftwo-dimensionald taandspan-loading
theorywereconcerned.h theabsenceofflowseparation,quite
accuratelocalloadingscouldbe determinedexceptneartherootand
tipwhereshiftsinthecenterofpressureto theorderofO.0~chord
weremeasured.Whenflowseparationbecameimminent,eitherofthe
laminarorturbulenttype,ita~earedthatthree-dimensionalviscous
forcescameintoplaysuchasto delaytheseparationu tilstations
nearthetip(regionof0.9semispan)reachedthetwo-dimensional
tiue of cz forsuch separation.Whethertheseresultsaregenerally
applicableat otherReynoldsnunibersi opento somequestioninview
oftheimportanceofviscosityingoverningthecharacteristicsofthe
sweptwing. Theresultshereinwereobtainedat a Reynoldsnumbersuf-
ficientlylargethattheeffectiveReynoldsnuuiberofthetip.section
normaltothequarter-chordlinewasabovethecriticalrangefor c2-
intwo-dimensionalflow.
CONCLUSIONS
A studyhasbeenmadeoftheextent owhichthelocalchordwise
loadingcharacteristicsoftwosweptwingsaredeterminablefromyawed,
infinite-spansectiondataandspan-loadingtheory.Directlyinvolved
in sucha studywasan evaluationoftheinfluenceofthree-dimensional
effectsonthelocalloadings.Thegeneralconclusionsreachedregarding
thesefinite-spaneffectsfortwolarge-scale45°sweptbackwingsof
aspectratio6 wereas fo~ows:
1. Inthelow-liftrange,thefinite-spaeffectswererestricted
toareasofthewingneartherootandtipwhich,couibined,affected
approximately25percentofthespancausinga deviationinlocalcenter
ofpressureinthesetwoareasof 3-to 5-percentchord.
2. At thehigherliftcoefficients,efidenceofa bo~~y-~yer-
controleffectwaspresentwhichpresumablycouldbe tracedtothe
lateralflowoftheboundary-layerair. Examinationfthisphenomenon
revealedthefollowing:
(a) Theeffect endedinallcasesto delayflowseparationa d
thusincreaseCzu beyondthatexpectedofthesectionintwo-
dimensionalobliqueflow.
— —
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(b) Theeffectwasgreatestneartherootanddiminished
graduallyspanwiseinapproachingthetip.
3. Nearthetipwheretheboundary-layercontrolwasa minimum,
thelocalsectionsbehavedmuchlikethecorrespondingtwo-dimensional
sectioninobliqueflow. Hence,itwouldappearfromtheseresultsthat
occurrenceofinitialstallatthetipofmostsweptbackwingsischargea-
bleto increasedvaluesof cl- of inboardsectionsratherthantoany
deleteriousinfluenceofthethree-dimensionalviscouseffectsat thetip.
AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics
MoffettField,Calif.,Jan.10,1952
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